Tolerance factor controlled Mn-based colossal magnetoresistance (CMR) thin films (La0.7Ca0.3MnO3, La0.7Sr0.3MnO3, La0.7Sr0.11Ba0.19MnO3, and La0.7Ba0.3MnO3) which have the same content of divalent cation and Mn 3+ /Mn 4+ ratio were deposited on amorphous SiO2/Si substrate by rf magnetron sputtering at 350°C substrate temperature. Post annealing treatment for 1 h at 600°C was also carried out to investigate the effects of internal strain and chemical bonding nature from different divalent ions on the electrical properties of the films by maintaining a similar crystalline state. The films crystallized with pseudo cubic structure in spite of different tolerance factors. The sheet resistance of films changed according to crystallization and Mn-O bonding character. Mn L-edge X-ray absorption spectra revealed that Mn 3+ /Mn 4+ ratio did not change in all the films and Mn 2p core level X-ray photoelectron spectra showed that Mn-O bonding property changed to more covalence as increasing tolerance factor by substitution with larger size divalent cation. O K-edge X-ray absorption spectra observed t2g and eg electron states and low resistivity after post anneal could be explained by the promotion of electrons to low binding energy state. Temperature coefficient of resistance (TCR) values were about -2.24 ~ -2.57%/K of as deposited CMR films and these values were reasonable for uncooled microbolometer applications.
I. Introduction
Perovskite manganese oxide thin films such as L1-xAxMnO3 (LAMO, where L and A are trivalent rare-earth ions and divalent alkaline earth ions, respectively) have attracted great attention due to their high temperature coefficient of resistance (TCR) and colossal magnetoresistance (CMR) effect. 1) A microbolometer is a "thermal" infrared (IR) sensor that detects incident IR by the induced increase in sensor temperature. The temperature change accompanies a resistivity change of the microbolometer resistor film. This variation of resistivity can be converted to a signal and thermal image. Therefore, improvement of microbolometer sensibility can be realized by optimizing resistor film that has high TCR value and low noise characteristic. 2) So an optimization of the resistive film for bolometer needs room temperature operation which is determined by peak temperature of resistivity, high TCR, low 1/f noise characteristics. Of all CMR materials, La1-xSrxMnO3 is a good candidate material for room temperature application -like an uncooled bolometerdue to its high Curie temperature of ~370 K on single crystal substrate like LaAlO3 or SrTiO3 which has low lattice mismatch and its large resistance change at the metal-to-semiconductor transition temperature. 3) The metallic conductivity and ferromagnetism of CMR thin films can be explained in terms of Zener-type double exchange between the spin-aligned Mn 3+ and Mn 4+ ions through oxygen ions. 4) Also transport properties in the CMR oxides are known to depend on the average ionic size of the rare-earth site, which influences Mn 3+ -O 2--Mn 4+ bond length and bond angle. To understand the relation between structural and electrical properties of Mn-based oxides films, we investigated structural-electrical correlation of CMR films with varying tolerance factor and maintaining the Mn ion valance.
Experimental procedures
The La0.7Ca0.3MnO3 (LCMO), La0.7Sr0.3MnO3 (LSMO), La0.7Sr0.11Ba0.19MnO3 (LSBMO), and La0.7Ba0.3MnO3 (LBMO) thin films were prepared on amorphous SiO2(100 nm)/Si(100) substrate by rf magnetron sputtering from a pure (99.99%) powder target. The LCMO, LSMO, LSBMO, and LBMO targets were prepared by a standard solid state reaction method using 99.99% purity of La2O3(Sigma-Aldrich Ltd.), CaCO3(Sigma-Aldrich Ltd.), SrCO3(Sigma-Aldrich Ltd.), BaCO3(Sigma-Aldrich Ltd.), and Mn2O3(CERAC, inc.) powders as starting materials.
The sputter chamber was evacuated to a base pressure of 1.33 × 10 -4 Pa by a turbo-molecular pump. Pure argon and oxygen were used as carrier and reaction gases, respectively. Both gases were individually admitted into sputter chamber and the flow rates of argon and oxygen gases were controlled individually by Tylan mass flow controllers (Model FC-260). Amorphous SiO2/Si substrates were cleaned in ultrasonic baths of acetone and de-ionized water and introduced into sputter chamber at a distance of 50 mm from the target. The substrate holder was rotating at a rate of 5 rpm at the time of deposition to maintain uniform thickness throughout the sample. During the deposition † Corresponding author: H.-H. Park; E-mail: hhpark@yonsei.ac.kr Paper aaaaa JCS-Japan of thin films, the substrate temperature was kept at 350°C, the argon flow rate was fixed at 100 sccm and oxygen flow rate was fixed at 40 sccm. The rf power was fixed 100 W with 13.56 MHz. Total gas pressure was kept at 12 Pa during the deposition. All film thickness was about 150 nm.
Structural properties of films were analyzed by X-ray diffraction (XRD) using a Rigaku diffractometer with Cu Kα radiation. Film composition was analyzed by Electron Probe Microanalysis (EPMA) and X-ray Photoelectron Spectroscopy (XPS). Mn Ledge and O K-edge Near Edge X-ray Absorption Spectroscopy (NEXAFS) peaks were analyzed in Pohang Light Source (PLS) 4B1 beam line. The sheet resistance of films was measured by a standard four point probe method. TCR values were calculated by measuring the resistivity of the films at 292-308 K by a HP4145 semiconductor parameter analyzer. Table 1 shows the calculated t values of LAMO films. With tolerance factor of 1, the crystal structure of film is ideal cubic structure and this structure has no compressive or tensile internal strain. The calculated values indicated LSBMO could have the most ideal cubic structure than other films. Figure 1 shows the X-ray diffraction patterns of LAMO films grown on amorphous SiO2/Si(100) substrate under fixed argon and oxygen gas flow rates at a constant rf power of 100 W and a substrate temperature of 350°C. The as-deposited films were polycrystalline in nature. Generally LCMO, LSMO, and LBMO films which deposited on amorphous SiO2/Si substrate were known to be crystallized with pseudo cubic structure and diffraction peaks corresponding to (100), (110), (111), (200) and (211) were found in as deposited LSMO, LSBMO and LBMO films. 7)-9) But LCMO film showed weak diffraction peaks as (110) and (200). This means that LCMO film is micro crystalline state because deposition temperature is too low to generate a well crystallized structure. Using the full width at half maximum (FWHM), B of (200) diffraction peak, the crystalline size, D is calculated with Scherrer's formula: D = 0.89 λ /Bcosθ, where λ is the X-ray wavelength and θ is the Bragg angle. 10) The crystalline sizes of LCMO, LSMO, LSBMO, and LBMO were found to be 3.79, 4.08, 4.50, and 4.74 nm, respectively. The crystalline size increased by the substitution with large divalent cation. Therefore internal strain could be generated with deviation of tolerance factor from 1. All LAMO films were post annealed at 600°C for 1 h to compare crystalline state and electrical properties with the as 
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deposited films. In Fig. 2 , post annealed films showed similar crystalline behavior between them. The crystalline sizes of LCMO, LSMO, LSBMO, and LBMO were enlarged as 5.37, 5.36, 5.04, and 5.35 nm, respectively. These enlarged but similar crystalline sizes of the films indicated that crystalline states of the films were almost same. Asterisks correspond to the sample stage peaks of XRD measurement system. Ca 2+ shows the most covalent bonding character among the divalent ions used and ionic character of Sr 2+ ion is in between Ca 2+ and Ba 2+ . Main conducting path of LAMO films was reported as electron double exchange through Mn 3+ -O 2--Mn 4+ bond. 11) When La 3+ is substituted by divalent ion with covalent character, Mn-O bond becomes ionic. And the opposite is also true. Figure 3 shows sheet resistance of as deposited and post annealed LAMO films. Crystallinity, strain from different A ion size(tolerance factor), and chemical bonding nature are considered three main effects for the resistance of LAMO(t = 0.999) films. At first, if we consider the strain effect, LSBMO should present the lowest resistance and LCMO(t = 0.977) the highest. However LSMO and LCMO films present the lowest values for as deposition and after post annealing, respectively. If we consider the chemical bonding nature, an insertion of larger size A ion (more ionic A ion) into La 3+ site, sheet resistance of LAMO films would increase because Mn 3+ -O 2--Mn 4+ conducting path changes more covalent bonding character. If chemical bonding nature is dominant control factor for the resistance of the films, sheet resistances should be increased in the order of LCMO, LSMO, LSBMO, and LBMO. In the case of post-annealed films, this sequence is well satisfied however with as-deposited films, LCMO showed higher resistance than LSMO. As already checked with XRD data given in Figs. 1 and 2 , the crystalline size and crystallinity of the post-annealed films were not greatly different but as-deposited LCMO showed much worse crystalline state than other as-deposited films. From these results, crystalline state of the film is also important factor to control the resistance of LAMO films. Figure 4 shows Mn L-edge X-ray absorption spectra of asdeposited and post annealed LCMO, LSMO, LSBMO, and LBMO films. As throughout this paper, the spectra have been normalized to equal maximum peak height. The ratio of Mn 3+ and Mn 4+ was determined by the amount of substituted divalent cations to La 3+ site in LaMnO3. If one La 3+ ion is substituted by one of A 2+ (A = Ca, Sr, Ba) ion, one Mn 3+ in LaMnO3 was changed to Mn 4+ . With increasing the substitution with divalent cations, Mn 3+ -O 2--Mn 4+ bonds become important and they may act the main conducting path in CMR films. This amount of Mn 3+ and Mn 4+ ions in CMR films affects t2g and eg ground states. The Mn L-edge X-ray absorption spectra consist of two peaks, which are separated by spin-orbital splitting of the Mn 2p core hole. This multiplet corresponds to Mn LIII and LII absorption edge. The Mn L-edge spectra reveal the transition from 2p to 3d according to dipole selection rule. The 2p to 3d absorption spectra are controlled by the multiplet effects due to Coulomb and exchange interactions between 2p core holes and 3d electrons in the final state. The peak shapes and chemical shifts are very sensitive to the 3d ground state, so it can be used to reveal 
3d occupancy of Mn ions. Normally Mn L-edge spectrum shifts to high binding energy as the substituted divalent cation concentration increased in the LAMO films, i.e., the amount of Mn 4+ ion increased. 12),13) This chemical shift is caused by changes in the electrostatic energy at Mn site driven by the decrease in 3d count. In Fig. 4 , Mn L-edge spectra shows Mn 3+ /Mn 4+ ion mixed valence state of LAMO films. Since all of Mn L-edge spectra from the as-deposited and post-annealed LAMO films showed no difference in the peak shape and position then it could be confirmed that the valence ratio between Mn 3+ and Mn 4+ was the same for all the LAMO films. Also, to confirm the change of bonding character in Mn 3+ -O 2--Mn 4+ bond, Mn 2p XPS core level spectra of LAMO films were analyzed. In Fig. 5 , as the size of divalent A cation increased, Mn 2p peaks shifted to lower binding energy. Mn 2p3/2 (642.0 eV) of as deposited LCMO thin film was shifted to 641.3 eV for as deposited LBMO film. Also with the post annealed films, 641.7 eV to 641.2 eV of shift in Mn 2p3/2 was observed with LCMO and LBMO films. This Mn 2p peak shift is resulted from the bonding character change in Mn 3+ -O 2--Mn 4+ bond from ionic to covalent character. 14)-16) Figure 6 is the O K-edge X-ray absorption spectra of asdeposited and post annealed LCMO, LSMO, LSBMO, and LBMO films. The O K-edge NEXAFS spectra of all LAMO films showed typical shape in perovskite lanthanum manganese oxides. The O K-edge spectra of as deposited LAMO films were composed of four distinct peaks marked as I to IV. The part of I and II peak in 527-534 eV is interpreted as originating from unoccupied O 2p states in the ground state covalently mixed with Mn 3d states. III peak part ~537 eV is attributed to the band of La 5d and IV peak above 540 eV corresponds to Mn 4sp and La 6sp states. 12),17) The peak I have been interpreted as being due to transitions into eg↑, t2g↑ and peak II as eg↓ states. The disappearance of peak II and enlargement of peak I in the post-annealed LAMO films explained lower resistance behavior of the postannealed LAMO films than the as-deposited films. The electrons at the lower binding energy state(peak I state) easily contribute to the conduction through Mn-O-Mn bonds.
TCR(α) is defined as 1/R·dR/dT and very important in uncooled or cooled bolometer applications. In this case, R is the resistance of film and T is the temperature of resistive film. Present TCR values were measured at a temperature of 300 K. Figure 7 shows TCR values of LAMO films. As deposited LAMO films varied from -2.24 to -2.57%/K. LSBMO showed the lowest TCR value and LCMO the highest value. However the post-annealed LAMO films showed increasing tendency of TCR values, from -2.03 to -2.38%/K. Normally TCR value is known to be affected by various conditions like crystallinity, resistivity, phase transition temperature, strain, and so on. 18)-21) So it is difficult to simply conclude for the origin in the variation of TCR value. However it is obvious that these values are reasonable for microbolometer application with their sheet resistance.
Conclusion
Tolerance factor controlled LAMO films were prepared on amorphous SiO2/Si substrate by an rf magnetron sputtering technique at a low substrate temperature of 350°C. We observed that LSMO, LSBMO, and LBMO films well crystallized except LCMO. However after post annealing at 600°C, all LAMO films show similarly good crystalline state. The resistance of the films was found to be mainly effected by crystalline state and Mn-O bonding character. The sheet resistance values of LAMO films increased with increasing tolerance factor and covalent character in Mn-O bond. Through Mn L-edge X-ray absorption spectral analyses, Mn 3+ /Mn 4+ valence ratio was found to be uniform for all the LSMO films and the change in bonding character in Mn-O bond was observed by XPS Mn 2p core level analysis. O K-edge X-ray absorption spectra also explained why the post-annealed LSMO films showed lower resistivity than the as-deposited films. -2.57%/K of TCR value was obtained by controlling the tolerance factor of LAMO film and these results suggested that the tolerance factor controlled LAMO film was possibly developed for uncooled bolometer application.
